ule of OAZ is separate from the regions involved in the Olf-1/EBF interaction. Thus, OAZ is a bifunctional partner in two distinct pathways, providing a paradigm for § To whom correspondence should be addressed (e-mail: j-massague @ski.mskcc.org).
Results

shown). Both products are closely related (98% amino acid sequence identity in the human) to a rat protein Defining a BMP Response Element in
homolog. However, in both genes, this codon does not lines that contain BMP receptors and Smad1 (see bematch the Kozak consensus and is not immediately prelow). Therefore, Xenopus embryos and P19 cells must ceded by stop codons. Roaz most likely represents the contain an essential factor for Smad1 activation of rat homolog missing an N-terminal portion that includes Xvent-2. To identify this factor, we first delineated the the first zinc finger. The rat, human, and Xenopus proXvent-2 cis-acting elements that confer responsiveness teins are henceforth referred to as rOAZ, hOAZ, and to BMP2. Promoter analysis in P19 cells revealed that XOAZ, respectively. the region between nucleotides Ϫ243 to Ϫ191 contains a BMP2 response element (BRE) ( Figure 1A) . A construct Primary Structure, Expression Pattern, and Nuclear BREx4-luc containing four copies of this element was Localization of OAZ strongly activated by BMP2 ( Figure 1A ). This response
The zinc finger motifs of hOAZ are distributed in six was not induced by cell incubation with TGF␤ or transconsecutive groups of 1, 7, 5, 7, 5, and 5 fingers, respecfection of an activated TGF␤ receptor construct (data tively ( Figure 1E ). The intervening regions lack recogniznot shown).
able motifs except for a putative nuclear localization Sequence analysis of two other Xvent-2 family memsignal located between fingers 26 and 27 ( Figure 1D ). bers, Xvent-1B and Xvent-2B, that respond to BMP2 Indeed, an epitope-tagged hOAZ construct expressed (Rastegar et al., 1999) 
revealed a region of similarity to in COS-1 cells was mostly localized in the nucleus (Figthe Xvent-2 BRE. This region includes a Smad consenure 2A). A vector encoding a GAL4 DNA-binding domain sus binding site (CAGAC box [Zawel et al., 1998])
fused to hOAZ did not activate a GAL4 reporter conand flanking segments of sequence identity ("flanking struct in transfected cells, suggesting that OAZ does not boxes" in Figure 1B ). Mutation of the CAGAC box or the have intrinsic transactivating activity (data not shown). 3Ј flanking box in the Xvent-2 promoter inhibited the In Xenopus, OAZ transcripts are present before the BMP2 response, whereas mutations in the 5Ј flanking midblastula transition (stages 2-9) and their levels inbox or elsewhere in the BRE region did not (Figures 1A crease from the neurula stage (stage 13; Figure 2B ). and 1B).
BMP signaling is first detectable at the midblastula tranUsing a biotinylated double-stranded BRE oligonuclesition (S. Faure and M. Whitman, personal communicaotide to precipitate proteins from P19 cells, we detertion), which is also when Xvent-2 transcripts first appear mined that the Xvent-2 BRE is a Smad-binding region.
( Figure 2B ). The XOAZ transcripts are ubiquitous in the Extracts from BMP2-treated cells formed a BRE-binding embryo up until the late neurula stage (data not shown), complex containing endogenous Smad4 ( Figure 1C) . at which point they become enriched in the anterior Mutations in the Smad-binding box or in the 3Ј flanking neural tube ( Figures 2C a and 2C b ) . At the tadpole stage, box abolished formation of this complex ( Figure 1C) , XOAZ is expressed at high levels in the forebrain, middemonstrating the importance of these elements for brain and, histmus, more weakly in the hindbrain, but binding of the BMP2-induced Smad complex. not in the spinal cord or the cement gland. Lower levels of expression are also detectable in the branchial arches Cloning a BRE-Binding Factor (Figures 2C c -2C e ). We searched for Xvent-2 BRE-binding factors by
In adult human tissues, a 7.5 kb OAZ transcript was screening a Xenopus oocyte cDNA library fused to the detected by Northern analysis in RNA from brain, lung, GAL4 transcriptional activation domain in a strain of skeletal muscle, heart, pancreas, and kidney, but not Saccharomyces cerevisiae expressing HIS3 and lacZ liver or placenta ( Figure 2D ). A 5.5 kb transcript was under the control of four copies of the Xvent-2 BRE. also detected in heart and skeletal muscle ( Figure 2D Figures 1D and 1E) .
comprising residues 824-867), we detected by RT-PCR The Xenopus Y1H product is highly homologous (89% OAZ expression in P19 embryonic carcinoma cells and amino acid sequence identity) to fingers 6-13 of this C3H10T1/2 (10T1/2) embryonic mesenchymal cells, but human homolog, with the linker regions between fingers being as conserved as the fingers themselves (data not not in C2C12 myoblasts ( Figure 3A ). BMP2 stimulation 
Interacting Regions
contacts with the DNA (ZF-9-13mut construct) inactivated OAZ ( Figure 5D ). Taken together, these results BRE-Binding Region in OAZ A BRE-binding assay in yeast using lacZ as a reporter indicate that fingers 9-13 constitute the BRE-binding region of OAZ ( Figure 5A ). confirmed that zinc fingers 6-13 of hOAZ (ZF6-13 construct) binds directly to the BRE ( Figure 5B ). InterestSmad-Interacting Region in OAZ Using Flag epitope-tagged hOAZ constructs in transingly, ZF6-13 is more active than full-length hOAZ in this assay. Furthermore, ZF6-13 from COS-1 cell lysates fected COS-1 cells, we determined that the full-length OAZ and its C-terminal half (ZF14-30) interacted with binds to the BRE independently of cell stimulation with BMP2 ( Figure 5C ) or Smads cotransfection (data not endogenous Smad4 in a BMP2-dependent manner, whereas the BRE-interacting construct ZF6-13 did not shown). In the full-length OAZ, the BRE-binding region may be occluded in the basal state and require BMP2-( Figure 5E ). Further analysis using this assay showed that the Smad-interacting region of OAZ maps to zinc dependent association with Smads to become active. However, ZF9-19, which includes only the BRE-and 5C) but not with Smads ( Figure 5A ). Therefore, ZF1-13 Smad-interacting regions, was still able to mediate a may inhibit Xvent-2 activation by occluding the BRE. In BMP2 response (Figure 5D ), suggesting that those two contrast, ZF14-30 interacts with Smads ( Figure 5A ) but regions together constitute a BMP signaling module that not with the BRE (Figure 5C ). Therefore, ZF14-30 may is necessary and sufficient for Xvent-2 promoter actiinhibit Xvent-2 activation by sequestering endogenous vation.
Smads. We used ZF1 
